aBBreViatiONS AD = Alzheimer's disease; DMN = default mode network; EPI = echo-planar imaging; FAB = Frontal Assessment Battery; FWE = family-wise error; ICA = independent component analysis; iNPH = idiopathic normal pressure hydrocephalus; iNPHGS = iNPH grading scale (c-iNPHGS = cognitive domain, g-iNPHGS = gait domain, and i-iNPHGS = urinary continence domain); MELODIC = Multivariate Exploratory Linear Optimized Decomposition into Independent Components; MMSE = MiniMental State Examination; ROI = region of interest; rs-fMRI = resting-state functional MRI; SPM8 = Statistical Parametric Mapping-8; TMT-A = Trail Making Test Part A. OBJectiVe Idiopathic normal pressure hydrocephalus (iNPH) is a neurological disorder characterized by gait disturbance, cognitive impairment, and incontinence. It is unclear whether the pathophysiology of iNPH is associated with alterations in the default mode network (DMN). The authors investigated alterations in the DMN of patients with iNPH and sought to determine whether a relationship exists between the resting-state functional connectivity of the DMN and a patient's clinical symptoms. methOdS Resting-state functional MRI (rs-fMRI) was performed in 16 preoperative patients with iNPH and 15 neurologically healthy control subjects of a similar age. Independent component and dual-regression analyses were used to quantify DMN connectivity. The patients' clinical symptoms were rated according to the iNPH grading scale (iNPHGS). Each of their specific clinical symptoms were rated according to the cognitive, gait, and urinary continence domains of iNPHGS, and neurocognitive status was assessed using the Mini-Mental State Examination, Frontal Assessment Battery (FAB), and Trail Making Test Part A. The strength of DMN connectivity was compared between patients and controls, and the correlation between DMN connectivity and iNPHGS was examined using both region of interest (ROI)-based analysis and voxel-based analysis. The correlation between DMN connectivity and each of the specific clinical symptoms, as well as neurocognitive status, was examined using voxel-based analysis. reSultS Both ROI-based and voxel-based analyses revealed reduced DMN connectivity in patients with iNPH. ROI-based analysis showed increased DMN connectivity with worsening clinical symptoms of iNPH. Consistently, voxelbased analyses revealed that DMN connectivity correlated positively with the iNPHGS score, as well as the cognitive and urinary continence domain scores, and negatively with the FAB score. The significant peak in correlation in each case was localized to the precuneus. cONcluSiONS This is the first study to establish alterations in the DMN of patients with iNPH. DMN connectivity may be a useful indicator of the severity of clinical symptoms in patients with iNPH.
I dIopathIc normal pressure hydrocephalus (iNPH) is a neurological disorder that preferentially affects the elderly. 22 iNPH is characterized by the clinical triad of gait disturbance, cognitive impairment, and urinary incontinence. Diagnosis is based on the patient's clinical symptoms and is supported by specific neuroradiological features, e.g., enlarged ventricles, tightness of the high parietal convexity, and disproportionately enlarged subarachnoid spaces. 18 Results of the CSF tap test can also support the diagnosis. 18 Although iNPH is well known, the neural networks and underlying pathophysiological mechanisms of this neurological disorder remain unclear.
In recent years, spontaneous brain activity and its relation to cognition and behavior have been studied extensively. 20 Resting-state functional MRI (rs-fMRI) studies have shown alterations in connectivity within the default mode network (DMN) to be associated with cognitive impairments in several disorders, e.g., Alzheimer's disease (AD), multiple sclerosis, traumatic brain injury, and attention deficit hyperactivity disorder. 4, 5, 10, 12, 27, 28 However, no studies have investigated alteration of DMN connectivity in iNPH patients.
The aim of this study was to investigate the pathophysiological changes within the neural network underlying iNPH. We hypothesized that 1) the pathophysiology of this disease is associated with abnormalities in DMN connectivity and 2) the progression of clinical symptoms is related to changes in DMN connectivity. We tested these hypotheses by comparing DMN connectivity between patients with iNPH and neurologically healthy persons of a similar age (control subjects) and investigating whether DMN connectivity correlates with the severity of clinical symptoms. We explored these questions using independent component analysis (ICA) of the rs-fMRI data obtained from the patients and control subjects.
methods

Study groups
Seventeen consecutive patients with iNPH and 15 neurologically healthy persons of a similar age were recruited for the study. Inclusion criteria for the patients were 1) age > 60 years; 2) presentation of at least 1 of the 3 symptoms of the classic triad (gait disturbance, cognitive dysfunction, or urinary incontinence); 3) ventricular enlargement with a narrowing of the high convexity and midline subarachnoid spaces on MR images; 4) absence of any other disorder that can cause ventricular dilation or the presenting symptoms; 5) CFS pressure < 20 cm H 2 O and normal CSF content; and 6) transient improvement of symptoms after the CSF tap test. Improvement of symptoms was confirmed in all patients after lumboperitoneal shunting, which was performed after acquiring rs-fMRI data. This means all study patients fulfilled the criterion for definite iNPH in accordance with the Japanese guidelines for the management of iNPH. 14, 18 Patients suspected of having another neurological disorder, such as Parkinson's disease, AD, or cerebrovascular disease, were excluded on the basis of neurological and neuropsychological examinations by trained psychiatrists and neurologists at our hospital. All control subjects were screened to ensure that they were free of any sign or symptom of iNPH or other neurological disorder, as described above.
One of the 17 patients was excluded because of MRI motion artifacts. Thus, the final patient group consisted of 16 patients (7 men and 9 women; age range 67-84 years, mean age 75 ± 5.5 years). The control group comprised 15 healthy persons (9 men and 6 women; age range 61-83 years, mean age 71.2 ± 6.9 years). The clinical characteristics of the patients are summarized in Table 1 .
Standard protocol approval and consent
The ethics committee of Osaka University Hospital approved the study protocol. Each patient, or a family member, and each control subject provided written informed consent for participation in the study.
Neuropsychological assessment
Each patient's clinical symptoms were rated according to the iNPH grading scale (iNPHGS). 16, 18 On the iNPHGS, each of the clinical triad symptoms is scored from 0 to 4, with the total score ranging from 0 (normal) to 12 (severe). The overall severity of each symptom was rated using the cognitive, gait, and urinary continence domains of the iNPHGS (c-iNPHGS, g-iNPHGS, and i-iNPHGS, respectively). Each patient's neurocognitive status was evaluated by trained neuropsychologists using the following neuropsychological assessment instruments: 1) Mini-Mental State Examination (MMSE) for global cognitive function (score range 0-30) (higher scores indicate better functioning); 2) Frontal Assessment Battery 13 (FAB) for attention and executive function (score range 0-18) (higher scores indicate better functioning); and 3) Trail Making Test Part A 23 (TMT-A) for psychomotor speed involving focused attention, visual scanning, and motor planning (completion time in seconds) (higher scores indicate poorer functioning).
mri data acquisition
MRI was performed using a GE Signa 3-Tesla Excite HDxt scanner at Osaka University Hospital. For functional images, axial slices were obtained in a single-shot gradient echo-planar imaging (EPI) sequence for each subject (TR 2000 msec, TE 30 msec, flip angle 90°, FOV 220 mm, voxel size 3.4 × 3.4 × 3.5 mm). A 5-minute continuous resting-state scan was acquired for each subject. Subjects were instructed to relax, stay awake, lie still, and think of nothing in particular while keeping their eyes open. One hundred fifty whole-brain EPI volumes were acquired. The first 5 images in each run were discarded to allow magnetization to reach equilibrium.
A high-resolution T1-weighted structural image scanned with an inversion recovery 3D spoiled GRASS (Gradient Recall Acquisition using Steady States) sequence (TR 7.0 msec, TE 2.9 msec, TI 400 msec, FOV 240 mm; 1-mm isotropic voxel) was acquired in the same session.
image preprocessing and analysis
The analytical pipeline is illustrated in Fig. 1 . Imaging data were processed by MATLAB (version 8.0, MathWorks, Inc.). Analysis was performed with Statistical 
- = data not available. * Because 1 patient did not complete the FAB and TMT-A assessments, all analyses involving these assessments were based on the data from 15 patients. Fig. 1 . Overview of the analytical pipeline of this study used to produce subject-specific DMN connectivity maps for all subjects. fMR = functional MR; TC-ICA = temporal concatenation group-independent component analysis. Structural images were first skull stripped using SPM8. Functional image analysis was carried out using MELODIC. Individual prestatistical processing consisted of motion correction, removal of nonbrain structures, spatial smoothing with a gaussian kernel of full width at half maximum of 5 mm, and high-pass temporal filtering equivalent to 100 seconds (0.01 Hz). The functional images were registered to the individual's skull-stripped structural images and the older adult-based MNI152 standard space image (http://www.mccauslandcenter.sc.edu/ CRNL/clinical-toolbox) 21 using FMRIB's Nonlinear Image Registration Tool. A single 4D data set was created for each study group by temporal concatenation of the preprocessed functional images representing 145 time points for each subject in each respective study group.
The 4D data sets were decomposed using ICA to identify large-scale patterns of functional connectivity in each study group. We allowed MELODIC to use a probabilistic principal component model to estimate the optimal number of components needed to decompose the data. 1, 3 The data sets were decomposed into 45 components in the patient group and 51 components in the control group, with each independent component representing either a resting state network or an artifact. 7 For unbiased identification of the DMN, the component that most closely matched the DMN was selected for each group using an automated 2-step process called the "goodness-of-fit" approach.
10,24
The standard DMN template we used to select the "best fit" was generated from the 20-dimensional ICA BrainMap components downloaded from the FMRIB website (http://fsl.fmrib.ox.ac.uk/analysis/brainmap+rsns/). 26 The selected DMN of each group (Fig. 2) was then subjected to subsequent analyses.
The dual-regression approach was used to identify subject-specific time courses and spatial maps of the DMN.
8
The intensity of a given voxel in the spatial map reflects the degree to which the time series of the voxel correlates with the time series of the DMN. Thus, the component intensities of an image constitute the subject-specific connectivity map of the DMN. This technique normalizes intensity across images to allow direct statistical comparisons between images. We are thereby able to compare DMN connectivity between subjects and test for a relationship between DMN connectivity and individual cognitive function.
Between-group comparisons and correlation analyses
Region of Interest-Based Analysis
To create a DMN region of interest (ROI) for each group, 1-sample t-tests were performed on the subjectspecific spatial DMN maps for each group. The resultant t values were thresholded at an uncorrected p < 0.001, and the DMN ROIs were then identified as clusters that reached a significance threshold of p < 0.05 after correction for multiple comparisons by means of the wholebrain topological family-wise error (FWE) probability implemented in SPM8. We then summarized the subjectspecific DMN connectivity map by averaging the voxels within the respective group DMN ROI. The value obtained was used as a measure of DMN connectivity for each subject. 15 We used the 2-sample t-test to compare DMN connectivity between patients and control subjects. We used Pearson's correlation coefficient to identify any relationship between the patient's DMN connectivity and iNPHGS scores. Because DMN connectivity is reported to correlate with age, 6 2-tailed correlation coefficients were also calculated to control for patient age. Statistical analyses were performed using SPSS statistical software (version 21.0, SPSS for Mac), and p < 0.05 was considered statistically significant.
Voxel-Based Analysis
We entered the subject-specific DMN connectivity map into the group analysis using a random-effects model (SPM8). All voxel-based analyses were performed within the area of the DMN ROI for each group. Voxel-wise comparisons of the patient-and control subject-specific DMN connectivity maps were performed using a general linear model and 2-sample t-test. We tested for differences between groups for each contrast of interest. Voxelwise regression analysis of each patient's subject-specific DMN connectivity map was performed using general linear modeling, with each of the iNPHGS, c-iNPHGS, g-iNPHGS, i-iNPHGS, MMSE, FAB, and TMT-A scores entered as explanatory variables. To control for patient age, age was introduced into the statistical model as a covariate of no interest. Statistical parametric maps were first thresholded at an uncorrected t ≤ 2.3. We then identified the clusters that achieved a significance threshold of whole-brain topological FWE-corrected p < 0.05 (Table  2) . We used this uncorrected threshold because there were 0 voxels that passed the corrected threshold for each of the scores. Lastly, the mean z score of the voxels within the significant clusters was correlated against the score for each of the explanatory variables. Pearson's and Spearman's correlation coefficients were calculated for the continuous and categorical variables, respectively.
results reduced resting-State connectivity of dmN in iNph patients
ROI-based analysis revealed a significant difference in DMN connectivity between patients with iNPH and neurologically healthy control subjects of a similar age (Fig.  3 upper) . Reduced DMN connectivity was observed in patients in comparison with that in control subjects (p < 0.001). Voxel-based analysis revealed reduced functional connectivity between the posterior cingulate cortex/precuneus and the rest of the DMN nodes in iNPH patients in comparison with the control subjects (Fig. 3 lower) .
correlation Between dmN connectivity and Severity of iNph Symptoms
ROI-based analysis revealed a significant positive correlation between DMN connectivity and iNPHGS scores (r = 0.72; p = 0.002) (Fig. 4) , that is, DMN connectivity increased with worsening clinical symptoms of iNPH. This correlation remained significant after correcting for age (r = 0.70; p = 0.004).
Because a significant correlation was found between DMN connectivity and the iNPHGS scores in the ROIbased analysis, we conducted voxel-based analyses to explore the correlation between DMN connectivity, iNPHGS score, each of the iNPH-specific clinical symptoms (ciNPHGS, g-iNPHGS, and i-iNPHGS), and the scores of each neuropsychological assessment (MMSE, FAB, and TMT-A). DMN connectivity consistently showed positive voxel-based correlations with the iNPHGS score (cluster size = 249; p < 0.001), c-iNPHGS score (cluster size = 81; p = 0.033), and i-iNPHGS score (cluster size = 163; p = 0.001), and a negative voxel-based correlation with the FAB score (cluster size = 121; p = 0.006). The significant peak in correlation was localized to the precuneus in each case ( Fig. 5 and Table 2 ). DMN connectivity did not correlate significantly with the g-iNPHGS, MMSE, or TMT-A score.
discussion
To our knowledge, this is the first study to examine intrinsic brain activity in the DMN of patients with iNPH using rs-fMRI. rs-fMRI offers the advantage of not requiring the use of any task to probe the function of a brain network. In patients with iNPH-who are cognitively impaired and may not be able to appropriately perform specific tasksrs-fMRI provides a good way for clinicians to understand the pathophysiology of this neurological disorder. 17 We demonstrated a reduction in DMN connectivity in patients with iNPH compared with neurologically healthy control subjects. This is consistent with the abnormalities observed in other geriatric dementias, including AD and mild cognitive impairment. 5 Reduced connectivity in the DMN is reportedly associated with cognitive decline in a number of neurological disorders. 5, 30 Furthermore, our results revealed that DMN connectiv- ity correlates with the severity of iNPH symptoms. The reduced DMN connectivity may thus reflect a compensatory neural process. 25 DMN connectivity might decrease to compensate for impaired cognition, attention, gait, and continence in patients in the mild iNPH stage. With the patient's worsening symptoms and decline to the severe iNPH stage, the compensatory decrease in DMN connectivity may not be maintained, resulting in an increase in DMN connectivity relative to that in the mild iNPH stage. However, further studies that combine rs-fMRI and taskbased fMRI may be necessary to confirm this postulation.
A significant peak in correlation between DMN connectivity and severity of clinical symptoms was localized to the precuneus, suggesting the importance of the precuneus within the DMN architecture in patients with iNPH. In line with previous reports, these findings indicate that the precuneus is the key node that interacts directly with all other nodes in the DMN. 9, 11 Deactivation of the precuneus is necessary for focused goal-directed task performance. 29 The correlation between decreased precuneus activity and milder symptoms observed in this study suggests that reduced DMN connectivity may facilitate deactivation of the precuneus for focused goal-directed task performance in patients with mild iNPH.
In the present study, DMN connectivity was shown to correlate with the severity of cognitive decline. Among the neuropsychological assessment measures used in this study, FAB was the only one to show a significant correlation with DMN connectivity. The FAB score is a measure of attention and executive function. 13 These results com- plement previous findings that the cognitive dysfunction of patients with iNPH is characterized by prominent attention deficit.
19,22
In the clinical context, DMN connectivity, especially the strength of the connectivity within the precuneus, may be a reliable indicator of a patient's severity of symptoms. Because rs-fMRI studies are easily performed in routine clinical settings, connectivity studies are a potentially useful complement to bedside behavioral assessments for evaluating the severity of iNPH.
Further studies will increase the applicability of our study findings. First, a larger sample size would increase the generalizability of our findings. Second, direct comparison of DMN between patients with iNPH and patients with AD or another type of geriatric dementia would yield additional information for differentiating iNPH from these disorders. Third, studies on the interactions between DMN and other large-scale brain networks would improve our understanding of the alterations in functional connectivity in patients with iNPH.
conclusions
Our results provide the first evidence for alteration of the DMN in patients with iNPH. We show that DMN connectivity is reduced in patients with iNPH and correlates with the severity of their clinical symptoms. This reduction may reflect a compensatory neural process in patients because of their impairments. Clinically, this study does not clarify the significance of using rs-fMRI to differentiate iNPH from other types of geriatric dementia. However, it is reasonable to suggest that functional connectivity analysis using rs-fMRI may be used preoperatively to provide objective indicators for the severity of symptoms and perhaps help the surgeon in patient selection.
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